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Figure'23'
Summary'of'changes'to'elements'of'the'optic'apparatus'with'changes'to'body'size.'Column'one'
displays'changes'with'respect'to'body'length'while'column'two$relates$the$same$changes$to$head$
width.'(A)'and'(B)'follow'changes'to'the'number'of'facets'(x±̄SE,'n='5);'(C)'and'(D)'track'changes'to'
facet&diameters&(x±̄SE,&n≥20);&(E)&and&(F)&illustrate&the&changes&to&rhabdom&diameters&(x±̄SE,&n=&4),&
unfortunately'rhabdom'data'for'Pheidole'sp.'1'were'not'available.'The'time'of'day'active'is'specified'
for'each'species'by'either'open'circles'(Day'active)'or'closed'circles'(Night'active).'Note'that'error'
bars'are'shown'for'all'data'points'but'may'be'too'close'to'the'mean'to'be'visible'in'some'instances.'
'
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Figure'24'
(A)'Results'from'optical'cut0off'frequency'calculations'(figures'given'in'λ'='wavelength'in'µm)'
indicate'that'day'active'species'tend'to'have'better'resolving'power'than'night0active'animals.'
However,'these'calculations'do'not'take'into'account'the'number'of'facets'in'an'array.'(B)'
Simulations'generated'using'a'Gaussian'blurring'function'(details'given'in'methods'section)'give'an'
indication'of'the'spatial'information'available'to'different'animals'based'on'the'number'of'facets'
they'possess.'Each'image'represents'a'panoramic'natural'scene'spanning'360°'horizontally'and'55°'
vertically.'Circles'adjacent'to'species'names'indicate'time'of'activity'(open'circles'='day0active,'
closed'circles'='night0active).'
'
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by#a#factor#of#nine#compared#to#an#increase#by#a#factor#of#1.4#seems#to#go#beyond#natural#variability#
between#species#and#indicates#a#further#reduction#in#investment#in#facet#numbers#by#major#workers#
of#Pheidole(sp.(1.((
Unlike#other#factors#described#above#the#size#of#facets#did#not#scale#with#body#size.#Time#of#activity#
was#the#driving#factor#in#shaping#facet#size#with#nightAactive#species#having#larger#facets#than#their#
dayAactive#counterparts#(Figure#20).#This#is#consistent#with#the#findings#of#previous#studies#on#ants#
and#other#related#hymenopterans#(Greiner#et#al.,#2007,#Narendra#et#al.,#2011,#Warrant#and#Dacke,#
2011).#Furthermore,#given#that#the#sensitivity#of#an#eye#is#dependent#on#the#absolute#size#of#the#
optic#elements#it#stands#to#reason#that#the#facet#diameter#will#always#be#dependent#on#the#light#
capturing#requirements#of#an#animal#independent#of#their#size.#
NightAactive#species#increased#the#facet#diameter#even#to#the#detriment#of#facet#numbers.#N.(
ectatommoides(possess#a#larger#eye#area#than#M.(hirsutus(major#yet#has#considerably#fewer#facets.#
Therefore#it#seems#that#nightAactive#ants#prioritise#optical#sensitivity#(increasing#facet#diameter)#over#
resolution#(number#of#facets).#
Rhabdom#diameters#did#not#scale#with#body#size#and#this#is#reflected#in#Figure#23#E#and#F.#Despite#
being#2.4#times#larger#in#body#length,#I.(purpureus(had#a#very#similar#rhabdom#diameter#to#that#of#
the#smallest#species#for#which#data#is#available,#M.(hirsutus(minor#(rhabdom#diameter#=#2.4#and#1.8#
µm#respectively).#In#contrast,#the#nightAactive#N.(ectatommoides(had#a#rhabdom#diameter#2.5#times#
greater#than#the#dayAactive#I.(purpureus(despite#having#a#smaller#body#size.#In#addition,#a#previous#
study#in#ants#of#the#genus#Myrmecia#observed#similar#rhabdom#diameters#in#the#nocturnal#M.(
pyriformis#major((rhabdom#diameter#=#5.9µm)#than#those#seen#in#N.(ectatommoides#(rhabdom#
diameter#=#6.0µm)#even#though#M.(pyriformis#majors(were#five#times#larger#than#N.(ectatommoides#
(Narendra#et#al.,#2011).(Similarly,#the#rhabdom#diameters#of#the#large,#dayAactive#species#Myrmecia(
croslandi((rhabdom#diameter#=#1.3µm)#were#very#similar#to#those#observed#in#the#M.(hirsutus(major#
workers#(rhabdom#diameter#=#1.4µm)#despite#being#2.2#times#larger.#It#is#apparent#that#rhabdom#
diameters#scale#not#with#size#but#changes#with#visual#sensitivity#requirements#as#dictated#by#time#of#
activity#(Greiner#et#al.,#2007,#Narendra#et#al.,#2011,#Warrant#and#Dacke,#2011).#
Across#the#various#eye#components#examined,#differences#between#Pheidole(sp.(1(major#and#minor#
workers#were#much#more#marked#than#those#seen#between#M.(hirsutus(major#and#minor#workers.#
Similar#differences#in#the#number#and#size#of#ommatidia#between#major#and#minor#workers#have#
been#observed#in#the#past#by#several#studies#(Baker#and#Ma,#2006,#Klotz#et#al.,#1992,#Menzel#and#
Wehner,#1970,#Bernstein#and#Finn,#1971).#These#differences#have#been#explained#as#a#function#of#
differential#distribution#of#labour#among#worker#castes.#However,#in#past#studies#the#major#workers#
have#always#had#significantly#more#and#larger#facets#than#the#minor#workers,#with#the#former#
performing#the#more#visually#demanding#tasks#such#as#hunting#and#foraging#while#the#latter#
specialised#in#digging#and#underground#nest#maintenance#(Klotz#et#al.,#1992,#Menzel#and#Wehner,#
1970).#In#this#study#it#seems#that#the#inverse#is#true#of#the#labour#allocation,#in#Pheidole(sp.(1#minor#
workers#constitute#the#main#foraging#caste#while#major#workers#are#relatively#rare#and#seem#to#
engage#mainly#in#nest#defence#(personal#observation#FRE).#Major#workers#do#possess#more#and#
larger#facets,#although#the#difference#in#numbers#is#much#less#than#what#would#be#expected#by#
comparing#body#size#(see#Figure#20#C).##
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Miniature#animals#are#thought#to#endure#high#costs,#particularly#in#the#maintenance#of#metabolically#
expensive#and#disproportionately#large#nervous#tissues#(see#Seid#et#al.,#2011).#This#could#partially#
explain#the#unexpectedly#reduced#size#of#the#visual#array#seen#in#Pheidole(sp.(1(as#the#production#of#
major#workers#may#already#possess#a#significant#cost#to#a#colony.#Assuming#that#the#tasks#which#
major#workers#perform#are#not#visually#demanding,#reducing#the#size#of#eyes#and#consequently#the#
number#of#neurons#necessary#may#lower#the#metabolic#costs#of#maintaining#such#large#animals#
within#a#colony,#at#least#from#the#visual#perspective.##
Results#from#the#optical#cutAoff#frequency#calculations#based#on#maximum#facet#diameters#indicate#
that#dayAactive#animals#tend#to#have#better#resolving#power#than#nightAactive#animals#(Figure#24#A).#
However,#these#calculations#do#not#take#into#account#the#number#of#facets#in#an#array.#Simulations#
generated#using#a#Gaussian#blurring#function#(details#given#in#methods#section)#gives#an#indication#of#
the#spatial#information#available#to#different#animals#based#on#the#number#of#facets#they#possess#
(Figure#24#B).#Neither#of#these#approaches#provide#a#full#picture#of#the#resolving#power#and#spatial#
information#available#to#an#ant#with#a#given#set#of#eye#characterisitics.#Rather,#the#two#approaches#
complement#each#other.#To#get#a#more#complete#idea#of#the#visual#capabilities,#of#an#ant#other#
calculations#can#be#carried#out#to#determine#an#animal’s#visual#sensitivity,#and#behavioural#and#
electrophysiological#assays#can#be#used#to#determine#the#spectral#sensitivity#of#an#animal.#However,#
these#were#outside#the#scope#of#this#study.#
Most#of#the#observed#changes#to#the#visual#system#were#linked#to#time#of#activity#rather#than#body#
size.#However,#the#absolute#size#of#an#eye#is#still#in#part#dictated#by#body#size.#An#animal#may#invest#
less#in#vision#and#therefore#reduce#eye#size#relative#to#its#body#but#the#upper#limit#on#the#size#of#an#
eye#still#seems#to#be#strongly#linked#to#body#size.#This#can#lead#to#a#severe#limitation#in#the#amount#
of#visual#information#available#to#animals#as#seen#in#the#case#of#Pheidole(sp.(1(major#and#minor#
workers.#In#cases#as#extreme#as#these,#where#the#average#number#of#facets#is#as#low#as#21#(Pheidole(
sp.(1(minor#workers),#it#is#probable#that#the#best#an#eye#can#hope#to#accomplish#is#to#distinguish#
between#light#and#dark#areas.#Given#other#animals’#ability#to#move#from#one#place#to#another#using#
only#photosensitive#eye#spots#(Jekely#et#al.,#2008),#this#may#just#be#enough.##
#
# !
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5.!Conclusions!
!
The#aim#of#this#study#was#to#establish#the#effects#of#miniaturisation#and#time#of#activity#on#the#design#
of#chemoreceptive#and#visual#systems#in#ants.#To#address#this#a#comparative#approach#was#
employed:#(1)#four#species#of#ants#with#body#sizes#ranging#between#1.7mm#to#8.7mm#were#selected,#
(2)#the#time#of#activity#for#the#selected#study#species#ranged#from#being#strictly#diurnal#(2#species)#to#
strictly#nocturnal#(2#species),#(3)#the#external#morphology#and#distribution#of#three#chemosensory#
sensilla#was#studied#using#scanning#electron#micrographs,#(4)#the#external#and#internal#anatomy#of#
compound#eyes#were#studied#using#a#variety#of#microscopy#techniques.#From#these#the#variation#in#
size,#numbers#and#distribution#of#sensory#units#relative#to#body#size#and#time#of#activity#were#
established#across#the#differently#sized#ants.##
Of#the#four#studied#species,#three#had#not#been#studied#previously#in#the#context#of#time#of#activity.#
New,#detailed#information#on#these#species’#activity#schedules#is#presented#here.#
The#study#of#the#ant#chemoreceptive#system#was#centred#around#the#external#morphology#of#
chemoreceptive#sensilla,#their#size,#abundance#and#distribution#on#the#apical#segment#of#the#
antennae.#In#this#respect,#this#study#is#unique#in#being#the#first#to#record#such#detailed#information#
on#sensory#sensilla.#Although#previous#studies#have#carried#out#surveys#of#ant#sensilla#they#usually#
have#focused#on#identifying#all#the#types#of#receptors#that#are#present#and#report#the#total#numbers#
per#antennal#segment,#occasionally#comparing#variation#between#worker#and#reproductive#castes#
(e.g.#Dumpert,#1972b,#Nakanishi#et#al.,#2009,#Renthal#et#al.,#2003).#The#data#collected#here#from#
detailed#studies#of#SEM#images#revealed#several#previously#unknown#trends.#Firstly,#the#number#of#
sensilla#was#found#to#be#strongly#correlated#to#the#apical#segment#area#and#less#so#to#body#length.#
This#showed#that#the#number#of#sensilla#is#primarily#constrained#by#the#size#available#on#the#
antenna.#Animals#can#and#do#increase#the#size#of#the#apical#segment#area#relative#to#body#size,#
potentially#to#include#more#sensilla#in#their#sensory#array.#The#smallest#animals#had#apical#segment#
areas#which#were#comparable#to#those#of#animals#two#to#three#times#larger#than#themselves.#This#
could#mean#that#as#animals#become#smaller#sensillum#bearing#structures#must#become#
proportionally#larger#in#order#to#function.#Sensilla#may#require#a#certain#amount#of#space#to#operate#
for#two#main#reasons:#(1)#there#may#be#a#limit#to#how#closely#spaced#sensilla#can#be#before#air#flow#
between#them#becomes#limited#and#thus#ceases#to#deliver#chemical#stimuli#(Koehl,#2001,#Berg#and#
Purcell,#1977),#(2)#there#may#be#a#limit#to#how#far#the#volume#of#an#antenna#may#be#reduced#before#
it#hampers#the#nervous#innervation#of#sensilla#as#well#as#delivery#of#oxygen#(through#tracheae)#and#
nutrients#(from#haemolymph)#(Schneider,#1964).#If#this#is#the#case#it#may#be#possible#to#calculate#the#
area#and#volume#‘allocated’#to#each#sensillum#to#compare#how#this#changes#across#animals#of#
different#sizes.#As#animals#decrease#in#size#a#plateau#may#be#reached#for#apical#segment#size#(surface#
area#and#volume)#below#which#antennae#are#no#longer#able#to#function.##
The#size#of#sensilla#tended#to#increase#with#body#size#in#two#of#the#three#types#of#sensilla#studied.#
This#trend#was#not#very#strong#because#the#size#of#sensilla#varied#considerably#even#within#
individuals.#This#variation#seemed#to#be,#at#least#in#part#explained#by#the#position#of#sensilla#relative#
to#the#tip#of#the#apical#segment:#sensilla#decreased#in#size#closer#to#the#tip#and#increased#in#size#
closer#to#the#base#of#the#apical#segment.#This#trend#was#particularly#marked#in#the#smallest#ants#but#
may#also#be#a#feature#of#nightAactive#species.#Time#of#activity#did#not#seem#to#play#an#important#role#
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for#the#design#of#chemoreceptors.#It#did#not#seem#to#influence#the#number#of#sensilla#but#nightA
active#species#did#seem#to#possess#larger#apical#segments.##
#
The#study#of#ant#compound#eyes#yielded#several#interesting#results.#Body#size#seems#to#strongly#
influence#total#eye#area#and#at#extremely#small#sizes#must#impose#a#limit#to#eye#size.#Eye#area#also#
limited#the#number#and#size#of#facets.#This#becomes#particularly#important#for#small#nightAactive#
species.#This#is#because#time#of#activity#plays#a#very#important#role#on#the#design#of#eyes.#NightA
active#animals#must#contend#with#a#severely#light#limited#environment.#The#way#in#which#the#
nocturnal#species#dealt#with#this#was#by#increasing#the#diameter#of#facets#and#rhabdoms#to#increase#
the#probability#of#photon#capture#(increasing#sensitivity).#For#small#nightAactive#animals#with#a#small#
eye#area#this#meant#drastically#reducing#the#number#of#facets#sacrificing#resolution#in#favour#of#
sensitivity.#Simulations,#demonstrated#that#the#amount#of#visual#information#available#to#animals#
with#different#size#of#facets#is#extremely#limited.#It#was#not#clear#whether#animals#with#limited#visual#
capabilities#compensated#by#enhancing#their#chemoreceptive#abilities#by#either#increasing#the#
number#or#size#of#sensilla.##
In#conclusion,#both#chemoreceptive#arrays#and#visual#systems#were#greatly#influenced#by#changes#in#
body#size.#However,#the#design#of#chemoreceptive#arrays#seemed#to#be#relatively#impervious#to#
changes#in#time#of#activity.#Conversely,#vision#was#greatly#affected#by#the#diminishing#light#levels#
accompanying#changes#from#dayA#to#nightAactivity.#Because#of#this#the#visual#systems#of#extremely#
small,#nightAactive#animals#suffered#doubly.#Their#small#size#limited#the#size#of#eyes#and#the#low#light#
levels#drove#facets#and#rhabdoms#to#greater#diameters#to#increase#sensitivity.#This#severely#limited#
the#number#of#facets#per#eye#which#incurred#a#great#cost#in#terms#of#resolution.#It#appears#that#
vision#in#these#animals#is#extremely#limited#and#may#serve#only#as#a#rough#means#of#orienting#using#
patches#of#light#and#dark.#It#is#very#likely#that#in#this#situation#animals#may#turn#to#chemoreception#
for#additional#information#about#their#environment.#This#is#supported#by#the#increase#in#relative#size#
of#the#apical#segment#in#the#smallest#animals#and#the#wellAdeveloped#chemosensory#arrays#they#
possess.#It#is#likely#that#an#increased#dependence#on#pheromone#trailAfollowing#and#general#use#of#
chemical#cues#accompanies#this#increase#in#investment#on#chemosensory#structures.#This#presents#
an#interesting#new#avenue#of#study#which#should#shed#more#light#on#this#fascinating#phenomenon#of#
miniaturisation.#
# #
42#
#
References!!
ALTNER,#H.#&#PRILLINGER,#L.#1980.#Ultrastructure#of#invertebrate#chemoA,#thermoA,#and#
hygroreceptors#and#its#functional#significance.#International(Review(of(Cytology,#67,#69A139.#
BAKER,#G.#T.#&#MA,#P.#W.#K.#2006.#Morphology#and#number#of#ommatidia#in#the#compound#eyes#of#
Solenopsis(invicta,#Solenopsis(richteri,(and#their#hybrid#(Hymenoptera:#Formicidae).#
Zoologischer(Anzeiger,#245,#121A125.#
BERG,#H.#C.#&#PURCELL,#E.#M.#1977.#Physics#of#chemoreception.#Biophysical(Journal,#20,#193A219.#
BERNSTEIN,#S.#&#FINN,#C.#1971.#Ant#compound#eye:#sizeArelated#ommatidium#differences#within#a#
single#wood#ant#nest.#Experientia,#27,#708A710.#
BEUGNON,#G.,#CHAGNÉ,#P.#&#DEJEAN,#A.#2001.#Colony#structure#and#foraging#behavior#in#the#tropical#
formicine#ant,#Gigantiops(destructor.#Insectes(Sociaux,#48,#347A351.#
BRUNNERT,#A.#&#WEHNER,#R.#1973.#Fine#structure#of#lightA#and#darkAadapted#eyes#of#desert#ants,#
Cataglyphis(bicolor#(Formicidae,#Hymenoptera).#Journal(of(Morphology,#140,#15A29.#
CHITTKA,#L.#&#NIVEN,#J.#2009.#Are#bigger#brains#better?#Current(Biology,#19,#R995AR1008.#
CHITTKA,#L.#&#SKORUPSKI,#P.#2011.#Information#processing#in#miniature#brains.#Proceedings(of(the(
Royal(Society(B:(Biological(Sciences,#278,#885A888.#
CHRISTIANSEN,#P.#2002.#Locomotion#in#terrestrial#mammals:#the#influence#of#body#mass,#limb#length#
and#bone#proportions#on#speed.#Zoological(Journal(of(of(the(Linnean(Society,#136,#685A714.#
COLE,#B.#J.#1985.#Size#and#behavior#in#ants:#constraints#on#complexity.#Proceedings(of(the(National(
Academy(of(Sciences,#82,#8548A8551.#
COLLETT,#M.#&#COLLETT,#T.#S.#2000.#How#do#insects#use#path#integration#for#their#navigation?#
Biological(Cybernetics,#83,#245A259.#
DE#GROOT,#R.#1983.#Origin,#status#and#ecology#of#the#owls#in#Galapagos.#Ardea,#71,#167A182.#
DUMPERT,#K.#1972a.#Alarmstoffrezeptoren#auf#der#Antenne#von#Lasius(fuliginosus#
(Latr.)(Hymenoptera,#Formicidae).#Journal(of(Comparative(Physiology(A:(Neuroethology,(
Sensory,(Neural,(and(Behavioral(Physiology,#76,#403A425.#
DUMPERT,#K.#1972b.#Bau#und#verteilung#der#sensillen#auf#der#antennengeißel#von#Lasius(fuliginosus#
(Latr.)(Hymenoptera,#Formicidae).#Zoomorphology,#73,#95A116.#
EBERHARD,#W.#G.#2007.#Miniaturized#orbAweaving#spiders:#behavioural#precision#is#not#limited#by#
small#size.#Proceedings(of(the(Royal(Society(B:(Biological(Sciences,#274,#2203A2209.#
EGUCHI,#E.#&#TOMINAGA,#Y.#(eds.)#1999.#Atlas(of(arthropod(sensory(receptors:(Dynamic(morphology(
in(relation(to(function(Tokyo:#SpringerAVerlag.#
ESQUIVEL,#F.#2011.#Identification#and#distribution#of#antennal#sensory#sensilla#of#Myrmecia(
pyriformis#(Hymenoptera:#Formicidae).#ANU(BIOL3138(Special(Topics((
FRAZIER,#J.#L.#1985.#Nervous#system:#Sensory#system.#In:#BLUM,#M.#S.#(ed.)#Fundamentals(of(Insect(
Physiology.#New#York:#WileyAInterscience.#
GREENAWAY,#P.#1981.#Temperature#limits#to#trailing#activity#in#the#australian#aridAzone#meat#ant#
Iridomyrmex(purpureus(form#viridiaeneus.#Australian(Journal(of(Zoology,#29,#621A630.#
GREINER,#B.,#NARENDRA,#A.,#REID,#S.#F.,#DACKE,#M.,#RIBI,#W.#A.#&#ZEIL,#J.#2007.#Eye#structure#
correlates#with#distinct#foragingAbout#timing#in#primitive#ants.#Current(Biology,#17,#R879A
R880.#
GRUBB#JR,#T.#C.#1978.#WeatherAdependent#foraging#rates#of#wintering#woodland#birds.#The(Auk,#370A
376.#
HANKEN,#J.#&#WAKE,#D.#B.#1993.#Miniaturization#of#body#size:#organismal#consequences#and#
evolutionary#significance.#Annual(Review(of(Ecology(and(Systematics,#24,#501A519.#
HANSSON,#BILL#S.#&#STENSMYR,#MARCUS#C.#2011.#Evolution#of#insect#olfaction.#Neuron,#72,#698A711.#
HASHIMOTO,#Y.#1990.#Unique#features#of#sensilla#on#the#antennae#of#Formicidae#(Hymenoptera).#
Applied(Entomology(and(Zoology,#25,#491A501.#
HÖLLDOBLER,#B.#&#WILSON,#E.#O.#1990.#The(Ants,(Cambridge,#Massachusetts,#The#Belknap#Press#of#
Harvard#University#Press.#
43#
#
HONE,#D.#W.#E.#&#BENTON,#M.#J.#2005.#The#evolution#of#large#size:#how#does#Cope's#Rule#work?#
Trends(in(Ecology(&(Evolution,#20,#4A6.#
JEKELY,#G.,#COLOMBELLI,#J.,#HAUSEN,#H.,#GUY,#K.,#STELZER,#E.,#NEDELEC,#F.#&#ARENDT,#D.#2008.#
Mechanism#of#phototaxis#in#marine#zooplankton.#Nature,#456,#395A399.#
KLEINEIDAM,#C.,#ROMANI,#R.,#TAUTZ,#J.#&#ISIDORO,#N.#2000.#Ultrastructure#and#physiology#of#the#
CO2#sensitive#sensillum#ampullaceum#in#the#leafAcutting#ant(Atta(sexdens.#Arthropod(
Structure(and(Development,#29,#43A55.#
KLEINEIDAM,#C.#&#TAUTZ,#J.#1996.#Perception#of#carbon#dioxide#and#other#“airAcondition”#
parameters#in#the#leaf#cutting#ant#Atta(cephalotes.#Naturwissenschaften,#83,#566A568.#
KLOTZ,#J.#H.,#REID,#B.#L.#&#GORDON,#W.#C.#1992.#Variation#of#ommatidia#number#as#a#function#of#
worker#size#in#Camponotus(pennsylvanicus#(DeGeer)#(Hymenoptera:#Formicidae).#Insectes(
Sociaux,#39,#233A236.#
KOEHL,#M.#A.#R.#2001.#Fluid#dynamics#of#animal#appendages#that#capture#molecules:#arthropod#
olfactory#antennae.#In:#FAUCI,#L.#J.#&#GUERON,#S.#(eds.)#Computational(Modeling(in(
Biological(Fluid(Dynamics.#New#York:#Springer#Verlag.#
KOHLER,#M.#&#WEHNER,#R.#2005.#Idiosyncratic#routeAbased#memories#in#desert#ants,#Melophorus(
bagoti:#how#do#they#interact#with#pathAintegration#vectors?#Neurobiology(of(Learning(and(
Memory,#83,#1A12.#
KOTLER,#B.#P.,#BROWN,#J.#S.#&#HASSON,#O.#1991.#Factors#affecting#gerbil#foraging#behavior#and#rates#
of#owl#predation.#Ecology,#2249A2260.#
KRONFELDASCHOR,#N.#&#DAYAN,#T.#2003.#Partitioning#of#time#as#an#ecological#resource.#Annual(
Review(of(Ecology,(Evolution,(and(Systematics,#34,#153A181.#
LAND,#M.#F.#1997.#Visual#acuity#in#insects.#Annual(Review(of(Entomology,#42,#147A177.#
MANILOFF,#J.#1996.#The#minimal#cell#genome:#"On#being#the#right#size".#Proceedings(of(the(National(
Academy(of(Sciences(USA,#93,#10004A10006.#
MARQUESASILVA,#S.,#MATIELLOAGUSS,#C.#P.,#DELABIE,#J.#H.#C.,#MARIANO,#C.#S.#F.,#ZANUNCIO,#J.#C.#&#
SERRÃO,#J.#E.#2006.#Sensilla#and#secretory#glands#in#the#antennae#of#a#primitive#ant:#
Dinoponera(lucida#(Formicidae:#Ponerinae).#Microscopy(research(and(technique,#69,#885A
890.#
MCIVER,#S.#B.#1975.#Structure#of#cuticular#mechanoreceptors#of#arthropods.#Annual(Review(of(
Entomology,#20,#381A397.#
MENZEL,#R.#&#WEHNER,#R.#1970.#Augenstrukturen#bei#verschiedengroβen#Arbeiterinnen#von#
Cataglyphis(bicolor(Fabr.#(Formicidae,#Hymenopetera).#Zeitschrift(fur(Vergleichende(
Physiologie,#68,#446A449.#
MENZI,#U.#1987.#Visual#adaptation#in#nocturnal#and#diurnal#ants.#Journal(of(Comparative(Physiology(
A,#160,#11A21.#
MOSER,#J.#C.,#REEVE,#J.#D.,#BENTO,#J.,#EACUTE,#MAUR,#IACUTE,#S.,#C.,#DELLA#LUCIA,#T.,#C.,#N.#M.,#
CAMERON,#R.#S.#&#HECK,#N.#M.#2004.#Eye#size#and#behaviour#of#dayA#and#nightAflying#
leafcutting#ant#alates.#Journal(of(Zoology,#264,#69A75.#
NAKANISHI,#A.,#NISHINO,#H.,#WATANABE,#H.,#YOKOHARI,#F.#&#NISHIKAWA,#M.#2009.#SexAspecific#
antennal#sensory#system#in#the#ant#Camponotus(japonicus:#structure#and#distribution#of#
sensilla#on#the#flagellum.#Cell(and(Tissue(Research,#338,#79A97.#
NARENDRA,#A.#2007.#Homing#strategies#of#the#Australian#desert#ant#Melophorus(bagoti#II.#
Interaction#of#the#path#integrator#with#visual#cue#information.#Journal(of(Experimental(
Biology,#210,#1804A1812.#
NARENDRA,#A.,#REID,#S.#F.,#GREINER,#B.,#PETERS,#R.#A.,#HEMMI,#J.#M.,#RIBI,#W.#A.#&#ZEIL,#J.#2011.#
CasteAspecific#visual#adaptations#to#distinct#daily#activity#schedules#in#Australian#Myrmecia(
ants.#Proceedings(of(the(Royal(Society(B:(Biological(Sciences,#278,#1141A1149.#
NARENDRA,#A.,#REID,#S.#F.#&#HEMMI,#J.#M.#2010.#The#twilight#zone:#ambient#light#levels#trigger#
activity#in#primitive#ants.#Proceedings(of(the(Royal(Society(B:(Biological(Sciences,#277,#1531A
1538.#
44#
#
NIVEN,#J.#E.,#ANDERSON,#J.#C.#&#LAUGHLIN,#S.#B.#2007.#Fly#photoreceptors#demonstrate#energyA
information#tradeAoffs#in#neural#coding.#PLoS(Biol,#5,#e116.#
NIVEN,#JEREMY#E.#&#FARRIS,#SARAH#M.#2012.#Miniaturization#of#nervous#systems#and#neurons.#
Current(Biology,#22,#R323AR329.#
NIVEN,#J.#E.#&#LAUGHLIN,#S.#B.#2008.#Energy#limitation#as#a#selective#pressure#on#the#evolution#of#
sensory#systems.#Journal(of(Experimental(Biology,#211,#1792A1804.#
OLMO,#E.#1983.#Nucleotype#and#cell#size#in#vertebrates:#a#review.#Basic(and(applied(histochemistry,#
27,#227A256.#
OZAKI,#M.,#WADAAKATSUMATA,#A.,#FUJIKAWA,#K.,#IWASAKI,#M.,#YOKOHARI,#F.,#SATOJI,#Y.,#NISIMURA,#
T.#&#YAMAOKA,#R.#2005.#Ant#nestmate#and#nonAnestmate#discrimination#by#a#chemosensory#
sensillum.#Science's(STKE,#309,#311.#
PIRIE,#N.#W.#1973.#"On#Being#the#Right#Size".#Annual(Review(of(Microbiology,#27,#119A132.#
PROVOST,#E.,#BLIGHT,#O.,#TIRARD,#A#AND#RENUCCI,#M.#2008.#Hydrocarbons(and(insects'(social(
physiology,#Nova#Science#Publishers,#Inc.#
REID,#S.#F.,#NARENDRA,#A.,#HEMMI,#J.#M.#&#ZEIL,#J.#2011.#Polarised#skylight#and#the#landmark#
panorama#provide#nightAactive#bull#ants#with#compass#information#during#route#following.#
Journal(of(Experimental(Biology,#214,#363A370.#
RENSCH,#B.#1948.#Histological#changes#correlated#with#evolutionary#changes#of#body#size.#Evolution,#
2,#218A230.#
RENTHAL,#R.,#VELASQUEZ,#D.,#OLMOS,#D.,#HAMPTON,#J.#&#WERGIN,#W.#P.#2003.#Structure#and#
distribution#of#antennal#sensilla#of#the#red#imported#fire#ant.#Micron,#34,#405A413.#
RIBI,#A.,#ENGELS,#E.#&#ENGELS,#W.#1989.#Sex#and#caste#specific#eye#structures#in#stingless#bees#and#
honeybees#(Hymenoptera:#Trigonidae,#Apidae).#Entomologia(Generalis,#14,#233A242.#
ROTH,#G.,#ROTTLUFF,#B.,#GRUNWALD,#W.,#HANKEN,#J.#&#LINKE,#R.#1990.#Miniaturization#in#
plethodontid#salamanders#(Caudata:#Plethodontidae)#and#its#consequences#for#the#brain#and#
visual#system.#Biological(Journal(of(the(Linnean(Society,#40,#165A190.#
RUTCHY,#M.,#ROMANI,#R.,#KUEBLER,#L.#S.,#RUSCHIONI,#S.,#ROCES,#F.,#ISIDORO,#N.#&#KLEINEIDAM,#C.#J.#
2009.#The#thermoAsensitive#sensilla#coeloconica#of#leafAcutting#ants#(Atta(vollenwenderi).#
Arthropod(Structure(and(Development,#38,#195A205.#
RYAN,#M.#F.#2002.#Insect(chemoreception,(Dordrecht,#Kluwer#Academic#Publishers.#
SCHNEIDER,#D.#1964.#Insect#antennae.#Annual(Review(of(Entomology,#9,#103A122.#
SCHOENER,#T.#W.#1974.#Resource#partitioning#in#ecological#communities.#Science(185,#27A39.#
SCHWARZ,#S.,#ALBERT,#L.,#WYSTRACH,#A.#&#CHENG,#K.#2011.#Ocelli#contribute#to#the#encoding#of#
celestial#compass#information#in#the#Australian#desert#ant#Melophorus(bagoti.#Journal(of(
Experimental(Biology,#214,#901A906.#
SEID,#M.#A.,#CASTILLO,#A.#&#WCISLO,#W.#T.#2011.#The#allometry#of#brain#miniaturization#in#ants.#Brain,(
Behavior(and(Evolution,#77,#5A13.#
STEINBRECHT,#R.#A.#1999.#Olfactory#Receptors.#In:#EGUCHI,#E.,#TOMINAGA,#Y.#(ed.)#Atlas(of(arthropod(
sensory(receptors.(Tokyo:#SpringerAVerlag.#
VICKERS,#N.#2000.#Mechanisms#of#animal#navigation#in#odor#plumes.#The(Biological(Bulletin,#198,#
203A212.#
WARD,#P.#S.#&#BRADY,#S.#G.#2003.#Phylogeny#and#biogeography#of#the#ant#subfamily#Myrmeciinae#
(Hymenoptera:#Formicidae).#Invertebrate(Systematics,#17,#605A605.#
WARRANT,#E.#&#DACKE,#M.#2011.#Vision#and#visual#navigation#in#nocturnal#insects.#Annual(Review(of(
Entomology,#56,#239A254.#
WARRANT,#E.#&#NILSSON,#D.AE.#(eds.)#2006.#Invertebrate(vision,(Cambridge:#Cambridge#University#
Press.#
WEHNER,#R.,#FUKUSHI,#T.#&#ISLER,#K.#2007.#On#being#small:#brain#allometry#in#ants.#Brain,(Behavior(
and(Evolution,#69,#220A228.#
WEHNER,#R.,#MICHEL,#B.#&#ANTONSEN,#P.#1996.#Visual#navigation#in#insects:#coupling#of#egocentric#
and#geocentric#information.#Journal(of(Experimental(Biology,#199,#129A40.#
45#
#
WEHNER,#R.#&#SRINIVASAN,#M.#V.#2003.#Path#integration#in#insects.#In:#JEFFREY,#K.#K.#(ed.)#The(
neurobiology(of(spatial(behaviour.#Oxford:#Oxford#University#Press.#
WELBERGEN,#J.#A.#2008.#Variation#in#twilight#predicts#the#duration#of#the#evening#emergence#of#fruit#
bats#from#a#mixedAspecies#roost.#Animal(Behaviour,#75,#1543A1550.#
WICHER,#D.#2012.#Functional#and#evolutionary#aspects#of#chemoreceptors.#Frontiers(in(Cellular(
Neuroscience,#6.#
WILSON,#E.#O.#1972.#The(Insect(Societies,(Cambridge,#Massachusetts,#The#Belknap#Press#of#Harvard#
University#Press.#
WILSON,#E.#O.#2003.#Pheidole(in(the(new(world:(a(dominant,(hyperdiverse(ant(genus,(Cambridge,#
Harvard#University#Press.#
WITTLINGER,#M.,#WEHNER,#R.#&#WOLF,#H.#2007.#The#desert#ant#odometer:#a#stride#integrator#that#
accounts#for#stride#length#and#walking#speed.#Journal(of(Experimental(Biology,#210,#198A207.#
WOODWARD,#G.,#EBENMAN,#B.,#EMMERSON,#M.,#MONTOYA,#J.#M.,#OLESEN,#J.#M.,#VALIDO,#A.#&#
WARREN,#P.#H.#2005.#Body#size#in#ecological#networks.#Trends(in(Ecology(&(Evolution,#20,#
402A409.#
ZACHARUK,#R.#Y.#1980.#Ultrastructure#and#function#of#insect#chemosensilla.#Annual(Review(of(
Entomology,#25,#27A47.#
ZEIL,#J.#1983.#Sexual#dimorphism#in#the#visual#system#of#flies:#The#compound#eyes#and#neural#
superposition#in#Bibionidae#(Diptera).#Journal(of(Comparative(Physiology(A,#150,#379A393.#
ZEIL,#J.#2012.#Visual#homing:#an#insect#perspective.#Current(Opinion(in(Neurobiology,#22,#285A293.#
#
#
# !
46#
#
# #
47#
#
# #
